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We exploit the metamaterial properties of a thick metallic grating with extreme sub-wavelength slits on a metallic slab to achieve complete absorption of transverse magnetic polarized microwaves. We measure narrow bands of total absorption (up to 99.9999%) from normal to grazing incidence that can be tuned by varying an air gap between the grating and the slab. Unlike typical absorbers, the structure is mostly metallic with a 97% filling factor, and no absorptive material beside the metal itself is employed. We access the absorption properties of metals in the microwave where they are commonly believed to be perfect reflectors. Commercially available microwave absorbers are based on polymeric materials filled with magnetic particles or open celled foam impregnated with a carbon coating. For most applications, metals in the microwave regime are generally treated as perfect conductors (conductivity r ! 1) and all field components are set to zero inside the metal 1 implying that an electromagnetic wave impinging a sheet of metal is reflected with basically no absorption losses. This assumption is not always valid, particularly in the extreme sub-wavelength regime where the finite conductivity is important. For example, in Ref. 2, the authors theoretically discuss and experimentally demonstrate that the microwave transmission of a single, extremely narrow ($100 lm and below), slit carved in a metal slab is affected by the finite conductivity of the metal itself, challenging the usual assumption that metals can be treated as perfect conductors in this regime. Microwave absorbers made by structuring metal surfaces in a periodic manner with 1-D or 2-D design have been studied in the past. [3] [4] [5] [6] [7] Our work differs from previous studies on the subject because (a) we do not use any absorbing dielectric in our structure to boost the overall absorption; (b) the metal filling factor of our grating is 97%, i.e., basically close to a homogeneous slab of metal; (c) the measured reflectance minima go down to 0.0001% implying absorption level up to 99.9999%; and (d) the reflectance minima can be tuned by varying the air gap (see Fig. 1 for a schematic representation of the structure investigated).
In two recent publications, 8, 9 it has been demonstrated that a metallic grating of thickness l, slits of width w , and period d, as shown in Fig. 1 , can be rigorously homogenized as a metamaterial slab of same thickness l and effective constitutive parameters given by the following equations:
where e ef f and l ef f are the effective electric permittivity and magnetic permeability of the metamaterial slab, # is the incident angle, e w is the dielectric constant of the material filling the slits (e w ¼ 1 in our case), k 0 is the vacuum wavevector, and b s is the wave-vector of the fundamental transverse magnetic (TM) guided mode of the parallel plate metal/dielectric/metal waveguides which the grating is made of. Equation (1) is valid under the assumption of TMpolarized incident radiation (H-field parallel to the grooves of the grating) and that the grating periodicity is smaller than the radiation wavelength (k > 2 d) so that all diffraction orders, except the zeroth, are evanescent. In the model, we fully take into account the finite conductivity of the metal and the dispersion of b s (which is a complex number). Following this metamaterial approach, we can assimilate our metallic grating to an effective magnetodielectric material, with no electric dissipation, but with magnetic dissipation governed by the imaginary part of the effective magnetic permeability: Imð l ef f Þ ¼ 2wReðb s ÞImðb s Þ=d k 2 0 . For slit widths of w > 500 lm, this term can be neglected in the microwave regime, for the grating thicknesses considered here, due to weak penetration of the fields into the metal 1 and Reðb s Þ ! k 0 and Imðb s Þ ! 0. For extremely narrow slits, as in the case of the present work, the reduction of the slit width forces more energy into the metal leading to increased losses. In this latter case, the pure transverse electric and magnetic (TEM) mode is transformed into a "plasmonic" TM mode with increased dissipation and slow wave properties, 10 i.e., Reðb s Þ < k 0 and Imðb s Þ 6 ¼ 0. This dissipation mechanism is quite unusual for the microwave regime and can be used to achieve extremely efficient absorption for polarized waves, as we will show in the following.
Conventional magnetodielectric materials are known to be good microwave absorbers. 11 In our case, for the grating described in Fig. 1 with w ¼ 100 lm and d ¼ 3.275 mm, the effective permittivity and permeability around 13 GHz calculated from Eq. (1) at normal incidence are: e ef f $ 33 and l ef f ¼ 0:03 þ i1:8 Ã 10
À4 . For comparison, a conventional microwave absorber material such as FGM-40 in the same frequency range has: e $ 28 þ 2i, l $ 1:2 þ 1:6i. 12 The absorption mechanism that we are exploiting here is quite different from that used in conventional microwave a)
Author to whom correspondence should be addressed. Electronic addresses: nadia.mattiucci@us.army.mil and nmattiucci@nanogenesisgroup.com. absorber materials. In our case, for particular thicknesses of the grating corresponding to the Fabry-Perot resonances of the effective slab, the field is resonantly funneled inside each slit and strongly "squeezed" with exceptionally high local intensity along the lateral walls of the slits. This phenomenon causes a giant increase in the ohmic losses which ultimately leads to nearly perfect absorption. Fig. 1 shows the experimental set-up. The grating is made of aluminum bars with l ¼ 25.4 mm, w ¼ 100 lm, and d ¼ 3.275 mm. The overall grating area is 30 cm by 30 cm and is mounted over an aluminum plate having a separation that can be varied with shim spacers placed near the corners of the plate. The individual bars are separated by 100 lm shim spacers positioned near the top and bottom of the grating. Inside the slits, the aluminum surface of each bar had an average roughness of 5 lm as measured by a surface profilometer. The flatness across the surface of the grating was on the order of 100 lm limiting the overall separation between the back plate and the grating to a minimum of $100 lm without any shim in place. Therefore, we define the gap distance as g ¼ spacer þ 100 lm. It is worthwhile to underline that the metal filling factor of our grating is $97%, i.e., very close to a homogeneous slab of metal.
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Two identical rf horn antennas are used as emitter (T x ) and receiver (R x ) connected to an Agilent (E8363C) vector network analyzer. Reflection measurements were taken from the 18-40 GHz. In Fig. 2 , we show the reflected power (reflectance R) in dB for an incident angle of # ¼ 50
. In this case, g ¼ 431 lm. We note four narrow-band reflectance dips with a measured minimum ranging from À60 dB (corresponding to absorption A ¼ 1 À R ¼ 99.9999%) to À20 dB (corresponding to 99% absorption).
In Fig. 3 , experimental results are compared with theoretical results and numerical simulations for each of the four reflectance resonances found in the range 15-40 GHz. In this case, the reflectance is shown in linear scale from 0 to 1.
The theoretical results are obtained by the transfer matrix technique. 13 The actual grating of thickness l is replaced with a homogeneous layer of same thickness and effective parameters given by Eq. (1) and the transfer matrix is applied. The full-wave numerical calculations are performed with the rigorous Fourier modal method (FMM).
14 The aluminum dispersion in the microwave has been calculated using a lossy Drude model whose parameters (plasma frequency and damping) are chosen according to the experimental data. 15 The figures show an overall good agreement between the positions of the reflectance minima predicted by our theory, those numerically calculated, and the results of the experiment.
We have also measured the angular dependence of the reflectance minima. In Fig. 4(a) , we show the dispersion of the reflectance minima calculated according to theory in the (, #) plane compared with the experimental results. The solid circles represent the position of the measured reflectance minima. The measured values closely follow the dispersion predicted by the model, and, moreover, the phenomenon spans from near normal to grazing incidence providing great flexibility in terms of angular acceptance. Fig. 4(b) shows the measurements for the first resonance around 18 GHz. It is noted that the resonances blue-shift for increasing incident angles, as one may expect from conventional Fabry-Perot type resonances.
In order to show the possibility to tune the absorption peak, we study next the dependence of the reflectance resonances on the thickness of the air gap g. In Fig. 5(a) , we show the dispersion of the reflectance minima in the (, g) plane for a fixed incident angle # ¼ 20
. Also, in this case the experimental data closely follow what the theory predicts. The position of the reflectance minima red-shift for increasing values of the air gap g, again this is an expected phenomenon for Fabry-Perot resonances. The structure possesses a good level of tunability and by varying the air gap, each resonance can be tuned over a bandwidth that is approximately half of the bandwidth corresponding to two adjacent minima. Finally, in Fig. 5(b) we show the experimental data for different values of the spacer. The figure also shows the reflectance resonance in the case of no back mirror on the grating and in the case of the back mirror attached to the grating with no spacer in between.
In conclusion, we have reported theoretical considerations, numerical simulations, and experimental results on a compensated by the increased ohmic losses due to the narrower slits. Moreover, although our sample has been made of aluminum, we expect similar results to be valid for other metals as well. We also expect that analogous results could be obtained for a closely spaced array of square metallic tiles (2-D grating), in this case the effect is anticipated to hold for all the incident field configurations in which the polarization of the H-field lays in the plane of the structure. Finally, for possible future applications, we point out that active control of the air gap can be achieved in a fast and effective way by using current piezo technology.
